Background: To evaluate the effects of resveratrol to monocyte chemoattractant protein-1 (MCP-1) and the role of p38 mitogen-activated protein kinase (MAPK) in this process in vitro. Materials and methods: Animal acute pulmonarythromboembolism (PTE) model: rat model was established by infusion of an autologous blood clot into the pulmonary artery through a polyethylene catheter. One hundred and thirty-two rats were randomly and equally divided into ten groups: rats-control (untreated), rats-1% DMSO, rats-TNF-α, rats-TNF-α + resveratrol, rats-TNF-α +C1142, rats-TNF-α+SB203580, rats-TNF-α+resveratrol + SB203580, rats-resveratrol only, rats-C1142 only, and rats-SB203580 only. Rat pulmonary artery endothelial cells (RPAs) tests: RPAs were isolated from above animal and designated as: RPAs-control, RPAs-1% DMSO control, RPAs-TNF-α, RPAs-TNF-α + resveratrol, RPAs-TNF-α + C1142, RPAs-TNF-α + SB203580, RPAs-TNF-α + resveratrol + SB203580, RPAs-resveratrol only, RPAs-C1142 only, and RPAs-SB203580 only. Each group was further divided into 1, 4, and 8 hrs time point for evaluation (n=6 rats per time point) except RPAs-TNF-α + SB203580, RPAs-TNF-α + resveratrol + SB203580, RPAs-C1142 and RPAs-SB203580 only, which were evaluated at 8 hrs time point. At each time point, mRNA and protein expressions of RPAs of MCP-1 were measured. The phosphorylation of p38 MAPK (p-pMAPK) of RPAs was also detected. Results: We found that the RPAs-TNF-α elicited significant increases in MCP-1 expression and phosphorylation of p38 mitogen-activated protein kinase (p-p38 MAPK). Furthermore, the MCP-1 expressions of RPAs-Resveratrol, RPAs-C1142, and RPAs-SB203580 were significantly down-regulated, which was associated with robustly suppressed TNF-α-induced pp38MAPK expression. Conclusion: Our findings suggested that MCP-1 was involved in the formation of TNF-α-induced inflammatory response, and resveratrol could down-regulate the expression of MCP-1 via TNF-α-inhibition, which might contribute to the decline of acute PTE-induced PH in vivo.
Introduction
Acute pulmonary thromboembolism (PTE) has a high mortality rate. PTE-induced pulmonary hypertension (PH) and acute pulmonary vascular injury are the main causes of high morbidity and mortality. 1 Traditionally, the mechanical extent of pulmonary vascular occlusion caused by embolic thrombosis is considered to be a major determinant of the increase. 1 However, recent studies have shown that the degree of pulmonary occlusion is inconsistent with PH.
In particular, when the mechanical obstruction of pulmonary embolism is detached, PH seems to persist. 2 Recent studies have found that the response of cytokines produced by infiltrating inflammatory cells to PTE increases pulmonary endothelial dysfunction, which plays an important role in the formation of PH. 3 Monocyte chemoattractant protein-1 (MCP-1) is a key mediator stimulating the infiltration of inflammatory cells into the lung. In the early stages of PTE, MCP-1 levels are significantly augmented around the pulmonary arterial walls. 4, 5 Therefore, MCP-1 has been shown to be an important inflammatory regulator of vascular and pulmonary inflammation and may be closely related to the PH formation. The phytoalexin resveratrol (3,5,4ʹ-trans trihydroxystilbene) found in grapes mediates these anti-inflammatory effects. 6 It suppresses MCP-1 synthesis and secretion in vascular endothelial cells 7 and in an in vivo model of vascular inflammation. 8 The p38 mitogen-activated protein kinase (p38MAPK) is involved in several processes that are thought to be important in the inflammatory response. 9, 10 Previous studies have demonstrated that p38MAPK is an important upstream signaling molecule of MCP-1, and inhibition of p38MAPK activation could down-regulate MCP-1 the expression. 11, 12 To solve this problem, we tested a p38MAPK-specific inhibitor SB203580 in this study. The purpose of this study was to investigate the effect of resveratrol on TNF-α induced-inflammatory response to provide insight into possible mechanisms whereby resveratrol could decrease TNF-α-induced inflammatory response by inhibiting p38MAPK activation and downregulating MCP-1 expression in rat pulmonary artery endothelial cells (RPAECs).
Materials and methods Reagents
A polyclonal rabbit anti-rat MCP- A rat model of acute PTE was established by infusion of an autologous blood clot into the pulmonary artery through a polyethylene catheter. Specific pathogen-free rats (n=132) were randomly and equally divided into ten groups: rats-control group (Untreated), rats-1% DMSO, rats-TNF-α, rats-TNF-α + resveratrol, rats-TNF-α + C1142, rats-TNF-α + SB203580, rats-TNF-α + resveratrol + SB203580, rats-resveratrol only, rats-C1142 only and S rats-B203580 only. Resveratrol (10 mg/kg/day, i.p.), 14 C1142 (2 mg/kg/day, i.p.) 15 or SB203580 (2.5 mg/kg/ day, i.p.;) 16 were administered to the animals for 1 hr prior to the start of the acute PTE protocol. In the rats-TNF-α + resveratrol + SB203580, we pre-treated rats with SB203580 and resveratrol for 1 hr prior to the start of the acute PTE protocol and then for another 8 hrs. Each group was divided into 1, 4, and 8 hrs time point for rat pulmonary artery endothelial cells (RPAs) evaluation (RPAs collected from six rats per time point) except for rats-TNF-α + SB203580, rats-TNF-α + resveratrol + SB203580, rats-C1142 only and rats-SB203580 only, which were evaluated 8 hrs time point only (n=6 per group) ( Figure 1 ).
Rat pulmonary artery sample
RPAs were isolated from above animal and designated as: RPAs-control, RPAs were collected from six rats of the rats-control group at 1, 4, and 8 hrs point time, respectively; RPAs-1% DMSO control, RPAs were collected from six rats of the rats-1% DMSO, at 1, 4, and 8 hrs point time, respectively; RPAs-TNF-α, RPAs were collected from six rats of the rats-TNF-α at 1, 4, and 8 h point time, respectively; RPAs-TNF-α + resveratrol (Sigma-Aldrich, USA), RPAs were collected from six rats of the rats-TNF-α + resveratrol at 1, 4, and 8 hrs point time, respectively; RPAs-TNF-α + C1142, RPAs were collected from six rats of the rats-TNF-α + C1142 at 1, 4, and 8 hrs point time, respectively; RPAs-TNF-α + SB203580, RPAs were collected from six rats of the rats-TNF-α + SB203580 at 8 hrs point time; RPAs-TNF-α + resveratrol + SB203580, RPAs were collected from six rats of the rats-TNF-α + resveratrol + SB203580 at 8 hrs point time; RPAs-Resveratrol only, RPAs were collected from six rats of the rats-resveratrol only at 1, 4, and 8 hrs point time, respectively; RPAs-C1142 only, RPAs were collected from six rats of the rats-C1142 only at 8 hrs point time and RPAs-SB203580 only, RPAs were collected from six rats of the rats-B203580 only at 8 hrs point time. All operations were performed under sterile conditions ( Figure 1 ).
17
Cell identification by immunocytochemistry 17 Immunocytochemistry for the subcultured RPAs (fourth generation, 40-50% confluence) on fibronectin-coated coverslips was performed according to the procedure described previously. Briefly, after PBS washing, the cells were fixed with 4% paraformaldehyde and then permeabilized with 0.25% Triton X-100. Antigen-antibody complexes were observed with 3,3′ -diaminobenzidine (DAB) tetrahydrochloride after counterstained with hematoxylin for nuclei using rat PASMCs as positive controls for α-smooth muscle actin.
Terminal dUTP nick-end labeling (TUNEL) assay
PRAs slides were stained with the TUNEL technique using an in situ apoptosis detection kit (Cat#G7130; Promega, Madison, WI, USA) according to the manufacturer's protocols with modifications to detect testicular DNA integrity. The slides were hydrated through graded ethanol (100%, 100%, 95%, 85%, 70%, and 50%) for 3 mins, followed by a wash for 5 mins with 0.85% NaCl and PBS, respectively. They were incubated with proteinase K (20 g/mL) for 15 min at room temperature. Thereafter, adding rTdT reaction mix onto the slides at 37°C for 1 hr in a humidified chamber to end labeling reaction. The slides immersed into the stop buffer for 15 mins at room temperature to terminate rTdT enzyme reaction, washed in PBS for 3×5 mins. Endogenous peroxidase was then blocked by 0.3% H 2 O 2 PBS solution for 30 mins. After three times PBS washes, they were incubated with streptavidin-HRP solution in a humidified chamber for 30 mins at room temperature. Excess unbound streptavidin-HRP was removed by PBS washes for 3×5 mins. Chromogenic substrate 3,3ʹ-DAB solution was added onto the slides. The color development was monitored under an optical microscope, and the reaction was stopped by rinsing the slides in deionized water until the light brown background. All slides were dehydrated through graded series of ethanol solutions (50%, 70%, 80%, 95%, 100%, and 100%) for 3 mins each, cleared in 100% xylene for 3×5 mins each, and mounted in Neutral Balsam (Sinopharm Chemical Reagent Co., Ltd.). Staining was observed under a light microscope and use OLYMPUS DP71 digital camera and DP controller software to take all digital images.
Immunoblotting
After determination of total tissue protein concentration by BCA protein assay kit, 40 μg of the protein prepared above was separated on 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, then transferred the separated protein was to a PVDF membrane, and using 5% fat free milk-TBST buffer blocked the membrane for 2 hrs at room temperature; incubated it with the rabbit antibodies of anti-MCP-1 (ab9669,1:500, Abcam, UK), anti-total p38MAPK (#8690, 1:1000, Cell Signaling Technology, USA), anti-pp38MAPK (9211S,1:1000, Cell Signaling Technology, USA) and anti β-actin antibody (A2228, 1: 2000, SigmaAldrich, USA) at 4°C overnight, followed with 1:5,000 secondary goat anti-rabbit antibodies incubation for 2 hrs (ab6721, Abcam, UK). The phosphorylated p38MAPK/ total p38MAPK ratio was designated as the in vitro increased in p-p38 MAPK activity. After color development, the image was analyzed using ChemiScope mini chemiluminescence meter to calculate the optical density of the target and the internal control band for the protein expression. Protein expression = integral optical density value of the target protein/integral optical density value of β-actin.
Quantitative real-time PCR
Quick-frozen rat pulmonary artery samples (100 mg) were extracted with Trizol (Gibco Life Technologies, USA) for total RNA. Reverse transcription was carried out using a Bio-Rad PCR system S1000 (Bio-Rad, USA), in which 1 μg of total RNA was reacted in a volume of 10 μL, including 2 μL of 5×RT buffer, 0.5 μL of RT enzyme mixture, and 0.5 μL of a primer mixture. The RNase-free water adjusted the final reverse transcription pr oduct to 10 μL. The forward primer of MCP-1 (Invitrogen Life Technologies, USA) was 5ʹ-GTCTCTGTCACGCTTCTG-3ʹ and the reverse was 5ʹ-TGCTGGTGATTCTCTTGTAG-3ʹ. The forward primer for GAPDH was 5ʹ-AGAACATCATCCCTGCATCC-3ʹ and the reverse was 5ʹ-TGGATACATTGGGGGTAGGA-3ʹ. Real-time PCR was carried out in the 7,500 Real-Time PCR instrument (Applied Biosystems, USA) including 1 cycle of initial denaturation at 95°C for 2 mins, 40 cycles of amplification with denaturation at 95°C for 15 s, annealing and extension at 62°C for 1 min. All the reactions were performed in triplicate and normalized with GAPDH. Fluorescence quantitative was determined by the Applied Biosystems 7500 System SDS Software using the standard curve method. 2−ΔΔCT method was used to calculate MCP-1 (CCL2) mRNA expression.
Statistical analyses
All data were presented as mean ± SD. One-way ANOVA followed by LSD-t was used for statistical analyses by SPSS version 16.0.1. p<0.05 indicated statistically significant.
Results

Identification of RPAECs
RPAs are center oval nuclei blue in color, polygonal, and spindle shaped. For anti-von Willebrand factor Cell immunity factor VIII related antibody staining, staining, positive cells showed brown cytoplasma (Figure 2 ).
Effects of resveratrol on MCP-1 protein expression
PARs Protein expression of MCP-1 was measured using immunoblotting. No difference in MCP-1 protein expression was observed between RPAs-control and RPAs-1% DMSO control. MCP-1 significantly increased in relation to the time of action in RPAs-TNF-α (★p<0.05 compared to the RPAs-control and RPAs-1% DMSO control). Remarkably, treatment with resveratrol down-regulated the protein expression of MCP-1, which was significantly lower than that RPAs-TNF-α (#p<0.05, RPAs-TNF-α + resveratrol compared to RPAs-TNF-α). RPAs-control and RPAs-1% DMSO control showed very low protein expression of MCP-1. The MCP-1 was mainly expressed in RPAs-TNF-α. In contrast, the MCP-1 expression in RPAs-TNF-α + resveratrol was down-regulated ( Figure 3 ).
Effects of resveratrol on MCP-1 mRNA expression
The relative amounts of MCP-1 mRNA expression in the RPAs were quantified by real-time PCR assay Table 1 ).
Involvement of p38MAPK in resveratrolmediated p-p38MAPK and MCP-1 expressions at 8 hrs time point
The use of p38MAPK-specific inhibitor SB203580 was designed to confirm p38MAPK-mediated effects. This antiinflammatory drug inhibits the catalytic activity of p38MAPK by competing for binding in the ATP pocket. 18 It inhibits the catalytic activity of p38MAPK by competing for binding in the ATP pocket 18 p-p38MAPK and MCP-1 expression levels at 8 hrs time point was investigated by immunoblotting and real time-PCR, because p-p38 MAPK and MCP-1 expression peaked at the time point of 8 hrs. Figures 7 and 8 indicate that no significant differences were noted in p-p38MAPK and MCP-1 levels between the RPAs-control and the RPAs-1% DMSO control; however, it demonstrated a significant increase in p-p38MAPK and MCP-1 of RPAs-TNF-α (protein and mRNA expressions) compared to RPAs-control, RPAs-1% DMSO, RPAs-TNF-α + resveratrol, RPAs-TNF-α + SB203580, RPAs-Resveratrol, RPAs-SB203580, and RPAs-TNF-α + resveratrol + SB203580. But resveratrol and SB203580 significantly lowered their levels (#p<0.05 RPAs-TNF-α + resveratrol and RPAs-TNF-α + SB203580 compared to RPAs-TNF-α). In order to study the effect of p-p38MAPK on resveratrol-mediated MCP-1 mRNA and protein expressions, rats were pre-treated with SB203580 for 1 hr before TNF-α challenge. We noted that the expressions of p-p38MAPK and MCP-1 in the RPAs harvested from the SB203580 pretreated rat (RPAs-TNF-α + resveratrol + SB203580) were significantly decreased (#p<0.05 compared with RPAs-TNF-α). Co-treatment of SB203580 with resveratrol significantly diminished TNF-α induced p-p38MAPK and MCP-1 expressions. For both p-p38MAPK and MCP-1 expressions, there was statistical significance between the RPAs-TNF-α + resveratrol + SB203580 and RPAs-TNF-α + resveratrol and RPAs-TNF-α + SB203580 (P<0.05). These results suggest that p38MAPK signaling mediates MCP-1 expression. Consequently, resveratrol might decrease TNF-α-induced inflammatory response via inhibiting TNF-α-induced p38MAPK activation and MCP-1 expression. There were statistically significant differences between the RPAs-TNF-α + resveratrol and RPAs-TNF-α + SB203580 and the RPAs- TNF-α + resveratrol + SB203580 for p-p38MAPK and MCP-1 and MCP-1 expressions (**p<0.05, Figures 7 and 8 ). There were no significant changes observed in RPAs apoptosis, p38MAPK, p-p38MAPK, and MCP-1 when comparing the RPAs-Resveratrol only, RPAs-C1142 only and RPAs-SB203580 only with the RPAs-control.
Discussion
Acute PTE is due to embolization that blocks the pulmonary vasculature, causing acute pulmonary vascular injury and the resulting PH leading to large morbidity and mortality which created a substantial health care burden. 1 Recent study indicated that the degree of pulmonary arterial obstruction is not consistent with the increase in pulmonary artery pressure. RPAs-TNF-α # Figure 6 Effects of C1142 on apoptosis of RPAs at 8 hrs time point. ★/# p<0.05: RPAs-TNF-α and RPAs-TNF-α + C1142 vs RPAs-control, RPAs-1% DMSO control and RPAs-C1142 only; #p<0.05: RPAs-TNF-α + C1142 vs RPAs-TNF-α. Abbreviation: RPAs, rat pulmonary artery endothelial cells. 
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RPAs-TNF-α+C1142 obstruction of the pulmonary embolism was relieved, PH still existed. 19 Evidence of infiltration of inflammatory cells in response to PTE suggested that white blood cells may play an important role in the formation of PH. 2 During PTE manifestation, thrombi trapped in pulmonary vessels would damage the vascular endothelium, thus causing the unregulated release of proinflammatory mediators. 20 TNF-α is mainly produced by activated macrophages, which is an important marker for systemic inflammation. Blood level of TNF-α also remained significantly higher in patients with PE. 21 In early acute PTE, there is a large amount of inflammatory cell infiltration accompanied by up-regulation of various types of cytokines and chemokines. The enhanced Figure 7 Effect of resveratrol on protein expression of MCP-1 and p-p38MAPK in pulmonary artery cells. Pulmonary artery arterial cells were obtained from rats treated with resveratrol, and levels of MCP-1protein expression were measured by immunoblotting at 8 hrs time point. β-actin was used to normalize protein loading (mean ± SD, n=6 each group). ★p<0.05: RPAs-TNF-α vs RPAs-control, RPAs-1% DMSO, RPAs-TNF-α + resveratrol, RPAs-TNF-α + SB203580, RPAs-Resveratrol, RPAs-SB203580, and RPAs-TNF-α + resveratrol + SB203580. #p<0.05: RPAs-TNF-α + resveratrol and RPAs-TNF-α + SB203580 vs RPAs-TNF-α; ** p<0.05: RPAs-TNF-α + resveratrol + SB203580 vs RPAs-TNF-α + resveratrol and RPAs-TNF-α + SB203580. Abbreviation: RPAs, rat pulmonary artery endothelial cells.
inflammation can promote the release of a series of inflammatory mediators, which in turn exacerbate pulmonary artery endothelium injury. 11 Member of the chemokines C-C or beta subfamily MCP-1 induces monocyte recruitment, promotes cytokine production and forms an inflammatory positive feedback loop in acute pulmonary vascular injury. 3, 22 This may lead to the occurrence of PH. However, the ability of the lung to remove thromboembolism is considerable. By enzymatic activity such as fibrinolysis, the fibrin networks within the clot are dissolved and, particularly small but also larger emboli can be completely treated. 23 In our previous research, we had demonstrated that when disengaged mechanical obstruction, PH lasts up to 8 hrs. At the same time, the expression of MCP-1 in the acute PTE group increased markedly. Based on these findings, we hypothesized that the MCP-1 and the formation of acute PTE-induced PH were closely correlated. Our previous results indicated that resveratrol likely decreased the acute PTE-induced PH via down-regulation of MCP-1 expression, reducing the recruitment of mononuclear cells, and attenuating pulmonary artery endothelial cell injury. 16 Basal levels of MCP-1 were significantly decreased in the presence of resveratrol at 1-50 μM in a concentrationdependent manner and were significantly decreased in the presence of U0126, an ERK inhibitor. 24 TNF-α has been demonstrated to be one of the main inflammatory mediators involved in autoimmune diseases, such as rheumatoid arthritis, systemic sclerosis. TNF-α initiates or aggravates inflammation by activating NF-κB and producing cytokines. Resveratrol inhibited the TNF-α induced acetylation of RelA/p65 via a Sirtuin1-dependent manner in 3T3 cells. 25 We demonstrated the up-regulation of MCP-1 expression was participated in the formation of TNF-α induced inflammatory reaction in RPAs. Further, we found that administration of resveratrol could partially reduce inflammatory reaction, by inhibiting the acute TNF-α-induced p38MAPK activation and MCP-1 expression. These findings have for the significance in acute PTE-induced PH treatment. The data clearly shown that TNF-α could up-regulate MCP1compared with the control group. Compared with the TNF-α group, our results clearly showed that C1142 could decrease the concentration of MCP-1. In vivo studies have shown that C1142 can reduce the mean pulmonary artery pressure, which indicates that in addition to vascular obstruction caused by thrombosis, the MCP-1 expression is related to the formation of acute PTE-induced PH. A therapeutic strategy that downregulates MCP-1 expression in RPAs may aid in modulating the PH in response to acute PTE.
Resveratrol has a variety of pharmacological effects, including anti-inflammatory properties 14 of resveratrol on the expression of MCP-1 was studied.
Our results indicated that resveratrol may reduce the expression of MCP-1, the recruitment of monocytes and the injury of pulmonary artery endothelial cell. It is known that inhibition of p38MAPK activation decreases MCP-1 levels. 10 Gresele et al, have found that the pro-inflammatory pathway associated with p38MAPK can be blunted by resveratrol in acute ischemic heart disease. 28 It acts as an antioxidant by blocking oxidative stress-induced p38MAPK activation. 29 To confirm that resveratrol inhibited TNF-α-induced p38MAPK activation and down-regulated MCP-1 expression, we pretreated rats with SB203580 and resveratrol. Co-treatment of SB203580 with resveratrol significantly reduced TNF-α-induced pp38MAPK and MCP-1 expression. The expression of pp38MAPK and MCP-1 was statistically significant between RPAs-TNF-α + SB203580+ resveratrol and RPAs-TNF-α + resveratrol, indicating that p38MAPK signaling mediates MCP-1 expression. Therefore, resveratrol reduced TNF-α-induced inflammatory response by inhibiting TNF-α-induced p38MAPK activation and MCP-1 expression.
Conclusion
In the formation of TNF-α-induced inflammatory response, MCP-1 was up-regulated. This study demonstrates for the first time that resveratrol can significantly reduce the inflammatory response by inhibiting TNF-α-induced MCP-1 expression in isolated pulmonary artery endothelial cells, which will help with the PH caused by the PTE reaction. Therefore, we speculate that resveratrol is likely to be used as a novel prophylactic anti-inflammatory agent for acute PTE-induced PH treatment.
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